A signaling pathway that induces programmed necrotic cell death (necroptosis) was reported to be activated in cells by several cytokines and various pathogen components. The major proteins participating in that pathway are the protein kinases RIPK1 and RIPK3 and the pseudokinase mixed lineage kinase domain-like protein (MLKL). Recent studies have suggested that MLKL, once activated, mediates necroptosis by binding to cellular membranes, thereby triggering ion fluxes. However, our knowledge of both the sequence of molecular events leading to MLKL activation and the subcellular sites of these events is fragmentary. Here we report that the association of MLKL with the cell membrane in necroptotic death is preceded by the translocation of phosphorylated MLKL, along with RIPK1 and RIPK3, to the nucleus.
1
A signaling pathway that induces programmed necrotic cell death (necroptosis) was reported to be activated in cells by several cytokines and various pathogen components. The major proteins participating in that pathway are the protein kinases RIPK1 and RIPK3 and the pseudokinase mixed lineage kinase domain-like protein (MLKL). Recent studies have suggested that MLKL, once activated, mediates necroptosis by binding to cellular membranes, thereby triggering ion fluxes. However, our knowledge of both the sequence of molecular events leading to MLKL activation and the subcellular sites of these events is fragmentary. Here we report that the association of MLKL with the cell membrane in necroptotic death is preceded by the translocation of phosphorylated MLKL, along with RIPK1 and RIPK3, to the nucleus. Apart from the apoptotic cell death pathway that ligands of the tumor necrosis factor (TNF) family can activate, these ligands and various other inducers, including the interferons and various pathogen components, have in recent years been found also to trigger a signaling cascade that induces programmed necrotic death (necroptosis). This cascade encompasses sequential activation of the protein kinases RIPK1 and RIPK3 and the pseudokinase mixed lineage kinase domain-like protein (MLKL). [1] [2] [3] [4] [5] RIPK3-mediated phosphorylation of MLKL triggers its oligomerization, which is necessary and sufficient for the induction of cell death, [6] [7] [8] and can also trigger some non-deadly functions. 9 MLKL was recently suggested to trigger cell death by binding to cellular membranes and initiating ion fluxes through them. [6] [7] [8] 10 However, its exact molecular target in death induction is contentious. 6, 8, [10] [11] [12] Current knowledge of the subcellular sites of MLKL action is based mainly on determination of the location of this protein close to the time of cell death. Here we present a detailed assessment of the cellular location of MLKL at different times following its activation. Our findings indicate that before cell death, MLKL translocates to the nucleus along with RIPK1 and RIPK3.
Results
Induction of necroptosis triggers nuclear translocation of MLKL. On applying specific antibodies to discern endogenous MLKL molecules in HT29 cells, we found that, whereas in the unstimulated cells the protein is located extranuclearly, after the induction of necroptosis by combined treatment with TNF+ BV6+z-VAD.fmk (TBZ) (TNF, 1000 U/ml); the bivalent inhibitor of apoptosis (IAP) antagonist BV6, 1 μM; and benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (z-VAD.fmk, 20 μM), some of the MLKL molecules translocate to the nucleus at an extent that varies greatly among the treated cells (Figure 1a ). Three-dimensional (3D) analysis showed that these translocated molecules did not associate with the nuclear membrane (Figure 1b) . Nuclear translocation was also discernible when we traced MLKL molecules tagged with green fluorescent protein (GFP; Figure 1c ) or with the FLAG epitope (not shown). At early times after TBZ application, the percentage of cells in which this translocation occurred greatly exceeded the percentage of cells that had died (Figure 1d ). The frequency of nuclear occurrence of MLKL in cells that had died was much lower than that in cells that were still viable (inset in Figure 1d ). Nuclear translocation of MLKL before cell death could also be induced by TBZ in HeLa cells transfected with RIPK3 (data not shown), as well as in both mouse embryonic fibroblasts (MEFs) and mouse L929 cells (see below).
Further confirming this finding, MLKL could be discerned by both western blotting analysis ( Figure 1e ) and immunocytochemical analysis (Supplementary Figure S1 ) of nuclei isolated from HT29 cells that were treated with TBZ, but not after treatment with any of its three constituent compounds alone.
Translocation of MLKL to the nucleus is not a consequence of necroptosis. A hallmark of necrotic death and one of its early events is the disruption of the nuclear membrane. It could, therefore, be suspected that the observed presence of MLKL within the nuclei of cells in which necrotic cell death was induced is merely a manifestation of the failure of the nuclear membrane in necrotic cells to withhold entry of cytosolic proteins. Several observations, however, ruled that out. First, the translocation of MLKL to nuclei occurred before the latter could be stained with propidium iodide (PI), a marker of nuclear membrane permeabilization (Figure 1d) . Second, no effect on the nuclear translocation of MLKL was obtained when necroptosis was blocked in human HT29 cells by necrosulfonamide 4 ( Figure 1f ) or in mouse L929 cells by the reducing agent N-acetylcysteine (NAC) 13, 14 or the free radical-scavenging agent butylated hydroxyanisole (BHA) 15 (Supplementary Figure S2) . Third, N-terminal tagging of MLKL molecules, which makes them incapable of triggering necrotic death, 7, 16 did not prevent their translocation to the nuclei in response to TBZ (Figure 1c) . Finally, MLKL was also found to translocate to the nuclei of caspase-8-deficient mouse dendritic cells treated with lipopolysaccharide (LPS; Figure 1g ), which in these cells triggers assembly of the NLRP3 inflammasome in a way that depends on RIPK1, RIPK3, and MLKL and yet is not associated with cell death. The nuclearly located MLKL is associated with modified forms of RIPK1 and RIPK3. Western analysis of RIPK1 and RIPK3 in subcellular fractions of HT29 cells ( Figure 2a ) and of MEFs (Figure 2b ) revealed that the induction of necroptosis was followed also by the translocation of some amounts of these proteins to the nuclei. The apparent molecular sizes of most of the nuclear RIPK1 and RIPK3 proteins were larger than those of the RIPK1 and RIPK3 in the noninduced cells, suggesting that the translocation was associated with covalent modifications of these proteins. Co-immunoprecipitation tests revealed that both in the nuclear fraction and in the cytosol of the stimulated cells, the MLKL, RIPK1, and RIPK3 molecules were physically associated ( Figure 2c ).
As none of the currently available antibodies against RIPK1 and RIPK3 proved suitable for reliable immunocytochemical localization of the proteins, we expressed in cells RIPK1 and RIPK3 molecules fused to the streptavidin-binding peptide (SBP). As shown in Supplementary Figures S3 and S4, staining of these cells with fluorescent streptavidin further confirmed that both tagged RIPK1 and tagged RIPK3 molecules translocated to the nuclei following TBZ treatment. Once activated by RIPK1, RIPK3 phosphorylates MLKL at threonine 357 and serine 358, thereby triggering its mediation of necrotic cell death. 4 Immunocytochemical and western analyses using an antibody against the phosphorylated T357/S358 disclosed that in addition to the translocation of some of the phosphorylated MLKL molecules to the cell membrane, a large portion of these molecules translocated to the nucleus (Figures 3a and b) . The pattern of immunocytochemical staining with this antibody indicated that the phosphorylated MLKL molecules form large aggregates (Figure 3a) . Consistently, the apparent molecular weight of part of the phosphorylated protein detected by western analysis of the nuclear extracts was very large, suggesting the formation of large aggregates that could not be fully dissociated by SDS (Figure 3b ).
Mutational replacement of threonine 357 or serine 358 in MLKL with alanine blocks the necroptotic activity of this protein 4 and see Figure 4f ), whereas their replacement with aspartic or glutamic acid mimics its activation. 17 To further define the role of MLKL phosphorylation in the nuclear translocation of this protein, we generated these two kinds of MLKL mutants and expressed them in cells in which the endogenous MLKL had been knocked down. As shown in Figures 3c and d , unlike the wild-type (WT) protein, the 'nonphosphorylatable' T357A/S358A MLKL mutant did not translocate to nuclei upon TBZ treatment. In contrast, mere expression of the T357E or S358D MLKL 'phosphomimetic' mutant, or (to an even greater extent) of the 'combined' T357E/ S358D mutant, triggered the formation of large aggregates of the protein that translocated spontaneously to the nuclei (Figure 3e ). Some amounts of these mutated proteins also translocated to the plasma membranes.
These findings indicated that the phosphorylation of MLKL is required for its translocation to the nucleus and, moreover, is sufficient to impose such translocation.
Interestingly, expression of the MLKL T357A/S358A mutant in HT29 cells also blocked the TBZ-induced nuclear translocation of RIPK1 and RIPK3 (Figure 3d ), suggesting that the translocation of the two protein kinases depends on that of MLKL.
Translocation of MLKL to the nucleus is dictated by the conformational state induced by its phosphorylation.
The RIPK3-mediated phosphorylation of threonine 357 and serine 358 in MLKL -residues that occur in the activation loop of this protein -is believed to trigger 'opening up' of a folded form of the protein in which the N-terminal, death-mediating, four-helix bundle (amino acids 1-180) is tethered to the C-terminal pseudokinase domain. 17 As a result of this change, these MLKL molecules aggregate through association of their exposed N-terminal helix regions, yielding death-inducing oligomers. Activation of MLKL can also be dictated by mutation of lysine 230 and glutamine 356 in its ATP-binding pocket. 17 As shown in Figure 4a , the K230M/Q356A mutant form of MLKL aggregated spontaneously and translocated both to the nuclei and to the plasma membranes.
Nuclear translocation of MLKL is not required for necroptosis but might facilitate it. Deletion of the C-terminal pseudokinase domain of MLKL was reported to render the MLKL molecule spontaneously cytotoxic. 7, 10, 16 However, as shown in Figure 4b , the extent of cell death observed in cells expressing the MLKL(1 − 180) deletion mutant was significantly lower than that induced by the various spontaneously toxic mutants of the full-length molecule. Titration of the effects of these various mutants at different levels of their expression indicated that the observed differences in their death induction are not due to differences in effectiveness of the expression of the proteins or in the extent of their oligomerization, but rather genuinely reflects an inferior ability of the MLKL(1 − 180) mutant to mediate cell death (Supplementary Figure S5) .
Immunocytochemical and western analyses revealed that MLKL(1 − 180), unlike the other spontaneously cytotoxic MLKL mutants examined in this study, was excluded from the nucleus (Figures 4a and c) , suggesting that the C-terminal part of MLKL is required for the nuclear translocation of this protein. Sequence analysis revealed that the C-terminal region contains a bipartite nuclear localization signal (NLS, amino acids 224 − 256). RIPK3 also contains an NLS, which has been shown to affect the localization of RIPK3 in cells overexpressing this protein kinase. 18 However, in view of the failure of RIPK3 to translocate to the nucleus in cells expressing the nonphosphorylatable MLKL mutant (Figure 3d) , we reasoned that the NLS found in the latter protein might be more crucially involved in its nuclear translocation. Mutation of this motif indeed significantly decreased both the TBZ-induced nuclear translocation of MLKL, RIPK1, and RIPK3 (Figures 4d and e) and cell death (Figure 4f ).
Discussion
Accumulating evidence indicates that MLKL and the protein kinases RIPK1 and RIPK3 contribute to inflammatory processes, both through the induction of necroptotic cell death and through other cellular changes. 19, 20 Our finding that the activation of these molecules triggers their translocation to the nucleus is therefore likely to shed new light on the mechanisms underlying the pathogenesis of inflammatory diseases and on the contribution of cell death to inflammation.
The N-terminal four-helix bundle portion of MLKL (the MLKL (1−180) mutant) was recently shown to be capable of triggering necrotic cell death. 7, 10, 16 This mutant, as shown here, does not occur in the nucleus, implying that the deadly effector function of MLKL may be independent of any nuclear function of this protein. This is consistent with the evidence that MLKL kills cells upon binding of its N-terminal four-helix bundle to cellular membranes. However, the low effectiveness of death induction by the MLKL(1−180) mutant and the decreased cytotoxicity of MLKL molecules in which the NLS is mutated raise the possibility that nuclear translocation nevertheless does make some contribution to the cytotoxic function of MLKL, either by participating in its activation or by modulating its effector function. We cannot yet exclude the possibility, however, that these mutations interfere with death induction through some other effect on MLKL, unrelated to their impact on its subcellular localization. Accordingly, we cannot rule it out that the nuclear translocation of the signaling proteins for necroptosis actually serves a role unrelated to cell death induction or even has the opposite effect, namely that it reduces signaling for cell death by decreasing the translocation of MLKL to the cell membrane.
Our findings suggest that the conformational change imposed on the MLKL molecule by its phosphorylation results not only in the triggering of cell death mediated by the N-terminal four-helix bundle portion of the protein, but also in the translocation of this molecule to the nucleus through an effect of the NLS motif found in the C-terminal pseudokinase region. Like the N-terminal four-helix motif, the C-terminal NLS motif is apparently also exposed as a result of the conformational change imposed by the phosphorylation of MLKL. The time gap between the initial nuclear accumulation of activated MLKL molecules and cell death suggests that the nuclear translocation of this protein precedes translocation to the cell membrane. It remains to be clarified whether the early translocation of activated MLKL to the nucleus is an initiating step that leads to the eventual translocation of the same molecules to the plasma membrane, or constitutes a different process affecting distinct MLKL molecules (Figure 4g) . However, the mere fact that MLKL translocates to the nucleus suggests that besides mediating the effects of cytoplasmic signaling proteins like RIPK1 and RIPK3, this protein is also subject to functional modulation by the activities of some nuclear constituents. Elucidation of the molecular interactions of MLKL, RIPK1, and RIPK3 that specifically occur in the nucleus will make it possible to nail down the functional implications of this translocation and its relationship to the functions already known to be mediated by these signaling proteins.
Materials and methods Cell culture. Cells of the human HT29 colorectal adenocarcinoma line were grown in McCoy's 5A medium. Cells of the HeLa cervical adenocarcinoma line and HeLa cells infected with the GEV16/pF5 × UAS lentiviral system 21 inducibly expressing RIPK3, as well as MEFs immortalized by expression of the SV40 large T antigen and cells of the mouse L929 line, were cultured in Dulbecco's modified Eagle's medium. Both media were supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 μg/ml streptomycin.
Mouse bone marrow-derived dendritic cells from which caspase-8 was specifically deleted were produced as described. Reagents. TNF was obtained from Ybdy (Seoul, South Korea). The bivalent IAP antagonist BV6 22 and the caspase inhibitor z-VAD.fmk were purchased from WUXI APPTEC (Shanghai, China). BHA, NAC, bacterial LPS, Nec-1, PI, 4-hydroxytamoxifen (4OHT), and Triton X-114 were from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies. Antibodies against MLKL were purchased from the following sources: GTX107538 for western analysis and immunoprecipitation of human MLKL was from GeneTex (Hsinchu, Taiwan); M6697 for immunocytochemical analysis of human MLKL from Sigma-Aldrich; AP14272b for detection of mouse MLKL from Abgent (San Diego, CA, USA); and Ab187091 for western analysis and immunocytochemistry of phosphorylated T357/S358 in human MLKL 8 from Abcam (Cambridge, UK). An antibody (610459) against human and mouse RIPK1 was purchased from BD Biosciences (San Jose, CA, USA). The antibodies 12107 against human RIPK3 and IMG-5523-1 against mouse RIPK3 were purchased from Cell Signalling (Danvers, MA, USA) and Novus Biologicals (Littleton, CO, USA), respectively. The antibodies Ab8980 against human lamin, GTX59803 against OCT-19, 4866 against VDAC, and sc-27230 against lactic dehydrogenase (LDH) were purchased from Abcam, GeneTex, Cell Signalling, and Santacruz (Dallas, TX, USA), respectively. Cy2-conjugated goat anti-rabbit and Cy3-conjugated goat antimouse antibodies, as well as Cy2-conjugated streptavidin from Jackson ImmunoResearch Laboratories (West Grow, PA, USA), were used for immunofluorescence staining. Horseradish peroxidase-conjugated mouse anti-rabbit IgG (conformation specific) antibody from Cell Signalling and horseradish peroxidaseconjugated goat anti-mouse light chain specific antibody from Jackson ImmunoResearch Laboratories were used for western blotting analysis after immunoprecipitation. Horseradish peroxidase-conjugated antibodies from Jackson ImmunoResearch were used for other western analyses.
Cytological and immunocytological analyses. For immunofluorescence staining, the cells were fixed with 4% paraformaldehyde in PBS, permeabilized with ice-cold methanol for 5 min at − 20°C, and blocked with a buffer containing 20% normal goat serum and 2% bovine serum albumin in 0.1% Tween-20, 150 mM NaCl, 0.3 M glycine, and 10 mM sodium phosphate (pH 7.2). The cells were then incubated overnight with the indicated antibodies and then with Cy2-or Cy3-conjugated secondary antibodies. Cells expressing proteins fused to the SBP were immunostained with Cy2-conjugated streptavidin.
Images of the immunostained cells and of cells expressing GFP fused to MLKL were captured with the Olympus IX 81 confocal microscope (Olympus imaging inc., Centre Valley, PA, USA), using the UPLSAPO × 60/1.35 NA oil objective and were processed using the Fluoview FV1000 software (Olympus imaging inc.). The 3D images were reconstructed from stacks of serial cross-sections of the cells obtained by confocal microscopy. The image stacks were reconstructed with the surface function in the Imaris software from Bitplane AG (Zurich, Switzerland).
Necroptosis induction. In all experiments, necroptosis was induced by combined treatment with TBZ (TNF, 1000 units/ml; BV6, 1 μM; z-VAD.fmk, 20 μM) for the indicated durations.
Cell death quantification. To quantify cell death, we applied the following tests: (a) nuclear staining by incubation of the cells for 20 min at 37 o C with 5 μg/ml PI in PBS, followed by fixation in 4% paraformaldehyde in PBS and determination of the frequency of the stained cells by microscopic inspection; (b) quantification of the LDH released as a result of cell membrane rupture, by use of the Cytotoxicity Detection Kit (Roche Life Science, Penzberg, Germany); and (c) determination of the amounts of live cells, by use of the XTT Cell Proliferation Kit (Biological Industries, Beit Haemek, Israel).
Nuclear analysis. Nuclei were isolated as described, 23 using an extraction buffer containing 10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.5 mM PMSF, 40 mM beta-glycerophosphate, 50 mM NaF, and 1 mM sodium vanadate. To immunoprecipitate the intranuclear proteins, the nuclei were first ruptured by incubation for 20 min at 4 o C in RIPA buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). In all western analyses of cytosolic and nuclear extracts, cross-contamination by nuclear, mitochondrial, and cytosolic proteins was assessed by western analyses for the presence of OCT-1 (a nuclear protein), VDAC (a mitochondrial protein), and LDH (a cytosolic protein) in the extracts.
Enrichment of membrane-associated proteins by phase separation. Membrane proteins in Triton X-114 solution were phase separated as described. 8 Immunoprecipitation and western analyses. Immunoprecipitation followed by western blotting analysis was done as described. 24 To estimate the extent of oligomerization of MLKL, cells were extracted with 1% NP-40 lysis buffer including protease and phosphatase inhibitors, and this was followed by solubilization in Laemmli SDS − PAGE buffer devoid of any reducing agent, as described by Cai et al. 6 In all western analyses where some nonspecific bands could be seen, arrows indicate the specific bands. mRNA knockdown. To knock down the expression of human RIPK1, we used RIPK1-specific On-TARGETplus SMARTpool siRNA (Dharmacon, Lafayette, CO, USA). Expression of mouse RIPK3 was knocked down using lentiviral-expressed shRNA and human MLKL expression was knocked down using 3′-UTR targeting lentiviral shRNA (both from Sigma-Aldrich).
Inducible and constitutive expression of MLKL mutants and fusion proteins. N-terminal fusions of MLKL with GFP and with the FLAG epitope were expressed in the pEF-IRES-Puro and the pcDNA3.1 vectors, respectively. Human RIPK1 that was fused to the SBP tag in the pIRESpuro-GLUE vector was transiently expressed in HT29 cells. Mouse RIPK3 that was fused to the SBP was expressed in MEFs by retroviral infection, and this was followed by selection for cells expressing the infected proteins by growth of the cells in 2 μg/ml of puromycin.
The NLS motif in MLKL, comprising amino acids 224 − RAPVAIKVFKKLQAG-SIAIVRQTFNKEIKTMKK − 256, was identified using the cNLS Mapper software (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). To inactivate this motif, it was mutated to the sequence 224 − RAPVAIKVFAALQAGSIAIVRQT FNAEIKTMAA − 256.
The various mutants of MLKL were expressed constitutively in HT29 cells by their infection with the FUGW lentiviral vector 25 and were expressed inducibly by lentiviral infection with the GEV16/pF5 × UAS system. 21 Unless otherwise indicated, induction was for 12 h with 20 nM 4OHT.
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